Occurrence of extreme waves in three-dimensional mechanically generated wave fields propagating over an oblique current 
Introduction
Extreme waves represent a serious threat for marine structures and operations (see e.g. Clauss, 2002) . In this respect, an accurate description of the statistical properties of surface elevation can contribute to improving the warning Correspondence to: A. Toffoli (toffoli.alessandro@gmail.com) criteria for extreme waves in wave forecasting and thus to enhancing safety at sea in general (Toffoli et al., 2005) .
There are many mechanisms which can lead to the formation of large amplitude waves and hence to a different shape of the probability density function of the surface elevation (see Kharif and Pelinovsky, 2002 , for a review). In the absence of ocean currents, numerical and theoretical works (see e.g. Onorato et al., 2001 : Janssen, 2003 : Babanin et al., 2007 : Chalikov, 2009 , among others) have demonstrated that nonlinear processes such as modulational instability have a relevant role in the formation of extreme waves, provided waves are sufficiently steep and narrow banded. Under these circumstances, large amplitude waves may occur within a fairly short scale of tens of wavelengths : Janssen, 2003 : Babanin et al., 2007 . However, strong deviations from Gaussian statistics are only observed if waves are rather long crested, i.e., the spectral energy is concentrated over a narrow range of directions. For short crested seas (broad directional distributions), the percentage of extreme waves is notably reduced. As a result, in these circumstances, the occurrence of extreme waves does not exceed predictions from linear or second-order theory (Onorato et al., 2002 : Socquet-Juglard et al., 2005 : Toffoli et al., 2009 . Recently, comprehensive studies on the effect of wave directional width have confirmed the existence of a transition region from strongly to weakly non-Gaussian wave fields as short crestedness is enhanced Published by Copernicus Publications on behalf of the European Geosciences Union. (Onorato et al., 2009a,b; Waseda et al., 2009 ). This transition is determined by a balance between nonlinearity (which promotes non-Gaussian behaviour) and directional width (which suppresses non-Gaussian behaviour). Thus, if there are circumstances where the nonlinearity is locally enhanced, we can expect that non-Gaussian behaviour will persist at broader directional spreads.
In regions with strong currents, (e.g. the Gulf Stream, the Agulhas Current and the Kuroshio Current), large amplitude waves can also be expected as a result of wave-current interaction (Peregrine, 1976) . Interesting in this respect, there are a number of ship accidents reported near the Agulhas Current, off the South African coast (Lavrenov, 1998; W hite and Fornberg, 1998) . One mechanism that may lead to the formation of extreme wave events can be triggered when a random current flows with opposite or oblique direction to incident wave trains.
In these circumstances, the wave energy is forced to coalesce in certain areas (White and Fornberg, 1998 ) with a consequent formation of large waves (caustic theory), which may result in a notable modification of the statistical distribution of wave height (Heller et al., 2008) . Moreover, when waves propagate over an area of increasing adverse current (positive current gradient), the wavelength is forced to shrink with a concurrent increase of the wavenumber and wave height (see Peregrine, 1976) . This results in an enhancement of the wave steepness, which is suspected to make nonlinear processes, such as the modulational instability mechanism and hence extreme waves, more likely (see, for example, Gerber, 1987; Fai et al., 1989; Stocker and Peregrine, 1999; Favrenov and Porubov, 2006; Tamura et al., 2008) . Using numerical simulation of cubic nonlinear dynamics, in this respect, Janssen and Herbers (2009) and Hjelmervik and Trulsen (2009) have tried to quantify the effect of a nonuniform current on the probability of occurrence of extreme waves. The results, however, are not conclusive and thus the role of nonlinear mechanisms on the statistical properties of the wave field, and hence the possible increase in the probability of occurrence of extreme waves, is not yet clear under these conditions.
A number of laboratory experiments have been undertaken to verify the behaviour of regular and irregular waves when opposing a strong current (see, for example, Fai et al., 1989; Chawla and Kirby, 2002; Ma et al., 2010) . Experimental results, though, have mainly been obtained in wave flumes, where only long-crested waves and a collinear current (i.e., one dimensional problem) can be considered. Fewer experiments have dealt with waves crossing oblique currents (see Maclver et al., 2006) but these have been confined to a study of kinematics and linear properties. For the present investigation, we accessed the directional wave basin facility at Marintek (Norway) in order to address the more general two-dimensional problem, where a multi directional wave field propagates obliquely over a current field in partial opposition. The aim was to verify experimentally whether a positive current gradient along the mean wave directions and the consequent current-induced increase of steepness may produce a significant effect on the modulational instability mechanism and hence on the formation of extreme waves within a wide range of wave directional spreading. In particular, we intended to ascertain the hypothesis that the wave-current interaction can compensate the suppression of strongly non-Gaussian properties in directional wave fields.
The present paper is organized as follows.
In the next Section, a description of the laboratory campaign is presented. In Sect. 3, the effect of wave-current interaction on the evolution of regular wave packets is discussed to demonstrate the ability of the current to trigger modulational instability. In Sect. 4, the contribution of the wave-current interaction to the probability of occurrence of extreme waves in random directional wave fields is discussed. Concluding remarks are presented in Sect. 5.
Laboratory experiments

Directional wave basin
The experiments were performed in the Marintek ocean wave laboratory (Trondheim, Norway). The facility is a large rectangular wave basin with dimensions 70 m x 50 m. The basin is equipped with a system that is capable of changing the water depth: the bottom of the basin moves up or down in order to achieve the desired depth. The maximum depth is h = 10 m, uniform throughout the basin. For the present experiment the water depth was fixed at 3 m. The tank is fitted with two sets of wave-makers. Along the 50 m side there is a double-flap, hydraulically operated unit for generating long crested, regular and irregular waves. The second wavemaker, i.e. the one we have used for our present tests, is fitted along the 70 m side of the basin. It consists of altogether 144 individually computer controlled flaps. This unit can generate short crested seas within a wide range of directional distributions of the wave energy. Regular and irregular waves, with a desired angular and frequency distribution, can be generated. Also waves with the mean direction at an arbitrary angle with respect to the normal, to the wave-maker, are possible. Each of the 144 flaps is 0.434 m wide and hinged at a depth of 1.02 m below the water surface. In order to reduce wave reflections, the wave basin was equipped with two absorbing sloping beaches, which oppose the two wave-makers. Reflections in amplitude were estimated to be less than 5% after 30 min of irregular waves of peak period of 1 s. The basin is also equipped with a water circulation system along the 50 m side, which is capable of generating a rightward current flow (see Fig. 1 ). A detailed description of the facility can be found in Stansberg (2008) .
Experimental set-up
The experiments consisted in monitoring the spatial evolu tion of mechanically generated regular and irregular wave fields, which were forced to traverse a current obliquely. A configuration was chosen so that the waves partially opposed the current flow. Measurements of the surface elevation were taken along the mean wave direction of propagation, where wave probes were deployed at regular intervals of 5 m (note that the mean wave direction is here expressed as the angle between the direction parallel to the wavemaker and the main direction of propagation, see Fig. 1 ). A number of instruments were also deployed 5 m apart from the central line of probes (see Fig. 1 ) to increase the number of observations for statistical analysis. In order to control the directional properties of the wave field, moreover, three 5-probe arrays were also installed ( Fig. 1) . Time series were recorded at a sampling frequency of 75 Hz. Current probes were also used to trace the current speed along the mean wave direction (i.e. across the current field). Measurements of the velocity field were gathered 0.35 m under the mean water level and at a sampling frequency of 75 Hz.
Regular wave fields were generated by superimposing a monochromatic wave (carrier wave) and two side band perturbations. The carrier wave had a period of 0.8 s and steepness of ka = 0.1, where k is the wavenumber of the carrier wave and a is its amplitude. The two perturbations were defined with amplitude 0.25a and bandwidth A k /k = ± 0.25. This configuration ensured a small growth rate in the absence of the ambient current (see e.g. Janssen, 2004) . Irregular (random) waves were generated by imposing an input directional wave spectrum at the wave-maker. The energy distribution in the frequency domain was defined by a JONSWAP spectrum with peak period Tp = 1 s, i.e. wavelength of 1.56 m, significant wave height Hs = 0.08 m and peak enhancement factor y = 6. This configuration defines a spectral steepness Cpa = 0.16, where £p is the wavenumber at the spectral peak and a is half the significant wave height; the relative water depth kph = 12.1 is sufficiently large to consider waves in a deep water regime. We mention that the selected steepness is not uncommon as it was observed during a number of ship accidents reported as being due to bad weather conditions (Toffoli et al., 2005) . A frequency-independent cosN (û) directional function was then applied to describe the energy in the directional domain. A number of values of the spreading coefficient N were used, ranging from long to short crested conditions: respectively N = 840; 200; 90; 50; and 24. Note that these spectral configurations are identical to the ones used in Onorato et al. (2009a) .
After being assigned the input spectrum, the wavemaker generates a surface elevation as an inverse Fourier transform with random amplitude and phase approximation. Therefore, the initial wave field is Gaussian (linear waves). Although there is no second-order correction of input signals, bound waves are generated almost immediately in the basin and second-order effects are already evident after a few wavelengths from the wave-maker (see Onorato et al., 2009a , for details). We also mention that the selected spectral configurations should develop instability after about 20-2 5 wavelengths (cf. Socquet-Juglard et al., 2005) . Hence, we expect to observe substantial deviations from Gaussian statistics in the proximity of the centre of the basin (Onorato et al., 2005 (Onorato et al., , 2009a . Due to the randomn nature of the wave field, however, we cannot be sure a priori that the highest waves would occur exactly where probes were deployed.
The current was run at its maximum speed u = 0.2 m s -1 . Although the flow was normally rather stable along the current direction (cf. Stansberg, 2008) , variations were observed across the current field. In this respect, the velocity was close to the nominal value in the centre of the tank, while it was reduced nearby the wave-maker and the absorption beach; the current speed along the mean wave direction is presented in Fig. 2 . Note that the current field was also expected to be even slower than the observations at the first current probe right in front of the wave generator. Consequently, the wave field was subjected to a substantial positive current gradient as it propagates from the wavemaker. We also mention that initially generated waves do not have any lateral momentum, but they may obtain it while propagating across the current.
In the wave tank, the current flows in the longitudinal basin direction, so that it crosses directional wave fields generated by the multi-flap wave-maker. A specified mean wave direction was imposed on the wave field to cross the current obliquely with waves and current in partial opposition (Fig. 1) . We tested two angular configurations: 0 .7 8 m s-1 ). Observations of the significant wave height in the tank reveal that the wave amplitude increases by 7% while crossing the adverse current field; this is consistent with the fact that wave action is conserved (Peregrine, 1976) . Considering the concurrent increase of wavenumber, the wave steepness is expected to enhance by 15% with respect to the nominal conditions.
It is important to note that under these circumstances, waves are forced to propagate against the side walls. This inevitably causes the formation of reflected waves, which would propagate at angles tjr lower than 90 deg and hence contaminate the measurements, especially for broad spectral conditions. To cope with this issue, 4 flaps at the furthest left-hand side of the wave-maker were deactivated in order to delay the formation of reflected waves; furthermore, probes were deployed 5 m downstream from the centre of the tank. A few preliminary tests on the propagation of directional wave fields (N = 24) were performed to address the influence of the side wall reflection at probes' location. Directional properties of the generated wave field were investigated by deriving the wave spectrum with the wavelet directional method by Donelan et al. (1996) . An example of the derived directional spectrum at different distances from the wave-maker (x/Xp) is presented in Fig. 3 for a mean wave direction of 120 deg. As waves propagate, part of the energy is redistributed in the frequency and directional domain by nonlinear interactions. This yields the downshift of the spectral peak and a weak broadening of the directional spectrum (cf. Toffoli et al., 2010) . However, the inhomogeneity of the current flow along the mean wave direction may cause a weak refraction of the wave energy. This may partially contribute to the broadening of the directional spreading (cf. Tamura et al., 2008) ; it may also induce a weak variation of the mean direction of wave spectra, which was observed to slowly become increasingly current normal. W hereas the contribution of the current gradient is negligible at the first array (the directional spreading with and without current is consistent with the nominal condition), it becomes substantial at the last array (near the absorption beach), where the directional spreading is about 15% broader than in the absence of the current. To some extent, this does not come unexpectedly as the wave field takes some space/time to adjust to the current variation (see Hjelmervik and Trulsen, 2009) . Apart from the contribution of wave-wave and wave-current interaction on the spectral shape, however, the reconstructed spectra dispel any doubt on the presence of reflected waves, as no significant energy is shown for a direction lower than 90 deg. In order to have enough waves to perform a significant statistical analysis, four realizations of the random sea surface from a given spectrum were performed by using different sets of random amplitudes and phases. For each test, 30 min of wave records were collected, including rampup time. For the present tests we have analysed the signals after 3 min, thus having 27 min left for data processing.
Evolution o f regular wave fields
In this section, we discuss the effect of the wave-current interaction on the evolution of regular wave packets. In  Fig. 4 , the surface elevation at different distances from the wave-maker is presented.
The instability growth rate was chosen to be rather small (i.e. « 0 .2 , see Fig. 4 .3 in Janssen, 2004) . Consequently, the wave packets were not able to fully develop modulational instability in the absence of a positive current gradient. Hence wave groups only tended to become slightly more accentuated along the tank, but there were no waves which could further develop into an extreme event. As shown in Fig. 5 , the maximum surface elevation, i.e. the maximum wave crest, of every wave group persisted almost unaltered within the tank (note that the elevation was normalized here by the standard deviation of the water surface at the concurrent location). It cannot be excluded, nonetheless, that instability and hence extreme waves might occur if the wave field were allowed to evolve farther.
In the case when waves traverse an area of increasing current speed, on the other hand, the wavelength is forced to shorten (Peregrine, 1976) consequent increase of wave steepness. Note that we were not able to gather a direct measurement of the wavelength throughout these experiments. However, a confirmation of this enhancement was indirectly suggested by the increase of surface skewness (i.e. vertical asymmetry, see Babanin et al., 2007) , which was directly related to the wave steepness according to second-order theory (cf. Tayfun, 1980) . In this respect, we observed that the skewness increased on average by 15%, which roughly corresponds to an equivalent increase of wave steepness. This resulted in a notable increase of the instability growth rate («s 0.7, in these circumstances) and thus triggered the full development of modulational instability. Although the time series appeared more erratic than the ones observed without current (see the right panel in Fig. 4) , which is presumably related to the turbulence fluctuation of the current velocity, there was a robust increase of the maximum surface elevation along the tank (Fig. 5) . It is interesting to mention that the maximum elevation, which is about twice the value in the initial wave packet, was reached after about 20 wavelengths for the mean wave direction of 110 deg and 15 wavelengths for a mean wave direction of 120 deg. This outcome seems to be consistent with the fact that a stronger gradient induces a slightly larger steepness and hence faster amplitude growth. Note also that this behaviour is the one expected from the evolution of unstable wave packets (see, for example, Yuen and Fake, 1982) .
After reaching its maximum, the wave elevation slightly decays towards the end of the tank. In this part of the basin, the current gradient changes sign due to the reduction of flow velocity. Because waves take some space to adjust to current variations, it is difficult to establish whether the reduction of the surface elevation is related to a natural development of modulational instability or it is otherwise forced by the effect of a negative current gradient, which tends to stretch the wavelength and hence reduces the steepness.
Repetitions of the regular wave experiment indicated that the dynamical evolution of wave packets does not change qualitatively, despite the randomness induced by the current. This tends to reinforce the hypothesis that the observed amplitude growth is only related to the current-induced increase of the wave steepness in the area of the positive current gradient.
Occurrence probability o f extreme waves in random wave fields
Considering the capability of the positive current gradient to induce modulational instability and lead to the formation of large amplitude waves (see Figs. 4 and 5), it is reasonable to presume that wave-current interaction can enhance the probability of occurrence of extreme events in random (irregular) wave fields. A measure of the percentage of large waves can be conveniently expressed by the fourth order moment of the probability density function of the surface elevation, namely the kurtosis (Mori and Janssen, 2006) . For linear wave fields, the statistical properties can be described by the Normal (Gaussian) probability density function, for which the kurtosis assumes the value of 3. Traditionally, departures from the Gaussian statistics have been attributed to the presence of bound waves. In order to provide an estimate of the kurtosis, we adopt the narrowbanded approximation of the second-order theory (FonguetHiggins, 1963) . Under such hypothesis, for deep water waves, the kurtosis can be calculated as
where a is the standard deviation of the surface elevation and kp is the wavenumber at the spectral peak. The latter is calculated from the linear dispersion relation for waves on the surface of a current (Peregrine, 1976) 
where hw is the component of the current velocity in the mean wave direction.
Note that the second-order theory has been derived from the Euler equations as a superposition of linear traveling wave solutions with random phases corrected to second-order.
Nonlinear four-wave resonant and quasi-resonant interactions are not included; therefore, the spectrum does not change in time as the wave field evolves. Second-order theory usually provides a decent approximation for the kurtosis of long-crested waves. However, it tends to overpredict the value of the kurtosis for waves with directional spreading (Forristall, 2000; Toffoli et al., 2006) . This is basically because in a directional spectrum the second harmonic is usually less pronounced with respect to the long crested case (see e.g. Figs. 4 and 5 in Onorato et al., 2009a) .
In Fig. 6 , the kurtosis is presented as a function of the distance from the wave-maker; observations and secondorder predictions are shown; for the latter, Gp and a are estimated from the measured time series. In the absence of the current, the spectral configuration is already sufficiently steep and narrow banded to develop modulational instability effects, provided waves are long-crested (e.g. N = 840). In this respect, the kurtosis rapidly increases as waves propagate from the wave-maker and reaches a maximum of about 3.6 after 15-20 wavelengths. This strong deviation from Normality is, however, gradually suppressed for increasing directional spreading. Specifically, we observed that the kurtosis only weakly deviates from the second-order theory based predictions for N = 24. This transition from strongly to weakly non-Gaussian properties is consistent with previous laboratory experiments in directional wave tanks (Onorato et al., 2009a; Waseda et al., 2009 ).
W hen waves traverse an area of increasing current speed, the wavelength shortens (Peregrine, 1976 ) with a concurrent enhancement of the wave steepness (about 14% for the present spectral configurations). For long crested conditions (N = 840 and 200), nonetheless, waves are already sufficiently steep to trigger instability and consequently the presence of the current does not yield any significant effect. As waves propagate, the kurtosis evolves to a maximum value that is quantitatively consistent with the one in the absence of current. W hen the directional spreading broadens (N < 90), on the other hand, the kurtosis is subjected to a deceleration of its growth throughout the gradient of the current flow produces a general increase of the kurtosis. However, although extreme waves still remain less likely in short-crested wave fields rather than in long-crested conditions, the wave-current interaction sustains a slightly larger percentage of extreme events for broad directional wave fields. In this respect, the kurtosis was observed about 1% higher for N > 90, while it was about 3% higher for N < 90. It should be noted that the difference for N < 90 is of the same order of magnitude of the statistical uncertainty i.e. ± 0 .1 as estimated with bootstrap methods. Nonetheless, the increase of kurtosis is a consistent feature for all directional spreading conditions. Considering that only a rather small degree of opposition was achieved in the tank, this outcome has to be considered qualitatively rather than quantitatively. This seems to corroborate that a current-induced increase of the wave steepness slightly compensates for the suppression of non-Gaussian behaviour due to directional width. Note that there is no substantial difference between the 110 deg and 120 deg wave-current configurations.
wave propagation. As such, this behaviour is similar to that observed in the absence of current. The kurtosis, however, shows the tendency to preserve slightly higher values. In order to quantify the effect of the current on the probability of occurrence of extreme waves, it is instructive to discuss the variation of the maximum kurtosis as a function of the nominal directional spreading coefficient N; this is presented in Fig. 7 . On the whole, a positive
Conclusions
Laboratory experiments were carried out in a directional wave tank to study the evolution of short-crested wave fields traversing an area of increasing current speed (positive current gradient).
A very general condition of waves crossing obliquely and, in partial opposition, a current with changes of flow velocity along the mean wave direction was investigated. Two angles between waves and current of 110 and 120 deg were here discussed.
Tests in the absence of current provided consistent results with previous investigations in the same facility (Onorato et al., 2009a) . Precisely, we observed that the percentage of extreme waves is substantially reduced by the broadening of the directional distribution of spectral energy. In the presence of an ambient current with a positive gradient along the mean wave direction, however, the current-induced increase of the wave steepness triggers effects related to the modulational instability of wave packets and consequently yields to the formation of large-amplitude waves.
In random wave fields, the percentage of extreme waves, which is measured by the kurtosis of the probability density function of the surface elevation, increases marginally due to the wave-current interaction. Nonetheless, it was observed that the current sustains higher kurtosis for spectral conditions with N < 90 (N is the directional spreading coefficient).
This outcome seems to corroborate the hypothesis that the weak current-induced enhancement of wave steepness slightly compensates the suppression of nonGaussian behaviour due to directionality.
We mention that the incident angle between waves and current only allows a mild opposition. In view of this result, we expect that the kurtosis may increase more significantly for angles larger than 120 deg, where a stronger opposition can be accounted for.
